Abstract -In this paper, liquid-gas two-phase flow pressure drop in proton exchange membrane (PEM) fuel cell is studied in an exsitu experimental setup. The two-phase flow pressure drop is measured during liquid water droplet emergence and growth on the surface of the gas diffusion layer (GDL). The two-phase flow pressure measurement is synchronized with a high speed camera that records droplet emergence and growth. Simultaneous study of droplet size and liquid-gas two-phase flow pressure drop reveals useful information which can be utilized in analyzing existing two-phase flow pressure drop models.
Introduction
Proton exchange membrane (PEM) fuel cells are an efficient and pollutant free type of energy system that can provide power for different applications [1, 2] . As the electrochemical reactions occur within the cell, hydrogen and oxygen are utilized to generate electricity. Such reactions have water and heat as their byproducts. The gas diffusion layer (GDL) is a porous layer inserted between flow channels and catalyst layer. GDL has different roles including distributing reactant gases over catalyst layers and transporting produced water in catalyst layer to the flow channels. The water produced in an operating PEM fuel cell can fill the open pores of the GDL which eventually blocks the transport of reactant gases to the catalyst layer. This phenomenon is referred to as GDL flooding and has been reported to significantly lower the performance of the cell [3, 4, 5] . A reliable fuel cell performance requires an uniform and continuous supply of reactants to the electrodes. This can be achieved by acquiring an accurate knowledge about the liquid water interaction with gas species within the gas channel and porous layers.
During the operation of a PEM fuel cell, liquid water may emerge from the surface of the GDL at some preferential locations [6] and enter the gas channel. This causes liquid-gas two-phase flow within the gas channel. When water removal rate is less than water production rate, liquid water accumulates in gas channel and eventually causes channel flooding. Similar to GDL flooding, channel flooding has been reported to lower the performance of the cell [7, 8] .
Liquid-gas two-phase flow in PEM fuel cell flow channels can be studied by direct and indirect techniques. Direct techniques include procedures that directly study liquid-gas two-phase flow in flow channels. Methods such as visualizing a transparent cell [9, 10, 11] , neutron imaging [12, 13] , X-ray microtomography [14, 15] , or gas chromatography [16, 17] fall into this category.
The indirect study of the liquid-gas two-phase flow in PEM fuel cell flow channels, on the other hand, can be achieved by studying the properties that are the immediate consequence of the liquid water accumulation within flow channels. The two-phase flow pressure drop along the gas channel, for instance, is a property that can describe the amount of liquid water within the flow channels. This property can be considered as an in-situ diagnostic tool that reveals useful information about the amount of liquid water within the gas channel.
Two-Phase Flow Patterns in Minichannels
Liquid-gas two-phase flow is a common form of flow in many industrial applications such as fuel cells, heat exchangers, condensers, chemical processing plants, and air conditioning. However, the two-phase flow in minichannels (hydraulic diameter between 200µm to 3mm, as categorized by Kandlikar [18] ) is considerably different from two-phase flow in conventional channels, i.e. channels with hydraulic diameters greater than 3mm. This is because viscous stress (∼ µu/d) and interfacial stress (∼ σ/d), where σ is surface tension, are more significant than inertial (∼ ρu 2 ) and gravitational (∼ ρgh) stresses in minichannels. The liquid-gas two-phase flow in minichannels can occur in different patterns such as bubbly flow, slug flow, churn flow, slug-annular flow, and annular flow, as discussed by Triplett et al. [19] . Parameters such as liquid to gas ratio, the superficial velocity of each phase, the surface characteristics of the channel, and the channel geometry, can contribute to this pattern.
Bubbly flow occurs when randomly dispersed bubbles with diameters smaller than the channel diameter occur. For lower superficial liquid velocity, slug flow is observed which includes elongated bubbles. Churn flow is characterized by unstable bubbles or wavy annular flow. Churn flow transits into slug-annular flow for lower liquid flow rates. The slugannular flow is characterized by wavy-annular flow that does not block the channel. The annular flow occurs when the superficial gas velocity increases and eliminates the wavy form of the slug-annular flow. In PEM fuel cell flow channels, however, bubbly flow does not occur. This is because the superficial liquid velocity in PEM fuel cell flow channels is low. Similarly, churn flow does not occur in PEM fuel cell flow channels as it requires a high liquid to gas ratio. 
Two-phase flow pressure drop
Despite the single-phase pressure drop which is well identified, the liquid-gas two-phase flow pressure drop is not thoroughly identified. The two-phase flow pressure drop has been studied over a limited range of operating conditions relevant to some particular applications. The physics behind this type of flow is too complicated to be modeled with simplified mathematical expressions. Therefore in most of the published works the two-phase flow pressure drop correlations are improved by correlating experimental results.
The two-phase flow pressure drop is the sum of frictional, gravitational and accelerational pressure drop:
Gravitational pressure drop is a significant term in overall pressure drop in conventional channels. However, the dominant impact of surface tension diminishes the importance of gravitational effects in minichannels. Similarly, for low liquid and gas superficial velocities, the acceleration pressure drop incorporates a small fraction of the overall two-phase flow pressure drop and can be ignored. Therefore the frictional pressure drop becomes the dominant pressure drop term for minichannels in PEM fuel cells.
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There are two approaches in identifying the two-phase flow frictional pressure drop. In one approach, the two-phase mixture is treated as a pseudo single phase fluid and properties such as viscosity and density are weighted based on quality. This model is known as the homogeneous equilibrium model and has been reported to be more accurate at higher mass qualities [20, 21, 22] .
In the other method, known as separated flow model, the two-phase pressure drop is related to the single-phase pressure drop through a two-phase flow frictional multiplier, 2 . This method was originally introduced by Lockhart and Martinelli in 1949 [23] and is commonly used for predicting pressure drop in PEM fuel cell flow channels.
In the separated flow model, the two-phase flow pressure drop is correlated to the single phase pressure drop through the two-phase frictional multiplier: 
where subscripts TP and f represent two-phase and saturated liquid phase, respectively. The Martinelli parameter, X, is defined as:
The two-phase frictional multiplier, 2 , is correlated to X and X 2 by Chisholm parameter, C:
The Chisholm parameter, C, represents the interaction between liquid and gas phases and depends on the flow regime. The C values suggested by Chisholm in Ref. [24] are 5 for laminar liquid-laminar gas, 10 for turbulent liquid-laminar gas, 12 for laminar liquid-turbulent gas, and 21 for turbulent liquid-turbulent gas.
Equation 4 originates from the fact that the two-phase flow pressure drop is equal to the sum of the pressure drop for each liquid and gas phase as well as the interaction between them:
(5) Many researchers have proposed different two-phase flow pressure drop models for conventional channels [25, 26, 27, 28, 29, 30] . However, such correlations have proven to yield an inferior prediction of two-phase flow pressure drop in microchannels. This is because the surface tension effects are dominant in microchannels while the gravitational force becomes less important. In addition, most of the literature on the topic of two-phase flow pressure drop in minichannels focus on some particular applications such as compact heat exchangers, refrigeration systems, or microtube 133-5 condensers. The two-phase flow in PEM fuel cell flow channels is a unique type of flow in microchannels due to different surface energies of the channel walls as well as special liquid water introduction mechanism into the flow channels. Many studies have been conducted to improve Chisholm parameter for a more accurate two-phase flow pressure drop model as reviewed in Ref. [31] . Mishima and Hibiki [32] studied liquid-gas two-phase flow pressure drop in round microchannels with various diameters between 1 mm to 4 mm. It was suggested in their study that the channel diameter should be considered in the C correlation. For circular channels, they proposed that the Chisholm parameter to be calculated by the following equation: (6) where D is the channel diameter in meters. For rectangular channels, they proposed that the Chisholm parameter to be obtained by the following equation: (7) where D h is the hydraulic diameter.
English and Kandlikar [22] conducted two-phase flow pressure drop experiments in minichannels and improved the Chisholm correlation proposed by Mishima and Hibiki. In their proposed correlation, the numerical coefficient in Eq. 6 and Eq. 7 was replaced with the laminar liquid-laminar gas Chisholm parameter, 5. For circular channels, they proposed: (8) and for rectangular channels they proposed: (9) In this study, liquid-gas two-phase flow pressure drop is measured in an ex-situ test PEM fuel cell flow channel while the droplet emergence and growth is captured by a high speed camera. Different air flow rates and liquid water injection rates are employed to collect two-phase flow pressure drop data. The pressure drop data is then utilized along with the droplet size in order to analyze the existing C correlation introduced in Eq. 9.
Experimental Setup
An ex-situ direct visualization apparatus was designed and fabricated for this study as schematically shown in Figure  1 . The test section includes a 2.5mm wide × 3mm deep gas channel machined on a 3mm thick polycarbonate plate which was sandwiched between two 12.5mm thick polycarbonate plates. The relatively large channel dimensions were chosen such that droplet emergence and transport could be studied in the absence of sidewall effects. GDL sample was inserted between polycarbonate plate 1 and gas channel. Deionized water was injected to the surface of the GDL, on polycarbonate plate 1 side, and was emerged on the surface of the GDL on the other side. The water injection was done through a capillary tube with an inside diameter of 250µm and outside diameter meter of 3.1mm (U 111, Upchurch). Air was supplied into the gas channel through a rotameter (Omega FL 3804ST). Liquid-gas two-phase flow pressure drop was measured within 4cm of the channel with a high accuracy pressure transducer (Omega, PX653-0.25D5V). The pressure transducer could measure 0 to 62Pa pressure (0.25" water) and was used at 1000Hz sampling frequency. Six 1/8 inch screws tightened the whole assembly together. A high speed camera (50KD2B2, Mega Speed) recorded the droplet emergence, growth, and detachment at 100 frames per second speed. In order to avoid air and/or water leakage to the outside, a groove was machined on the polycarbonate plate 1 around GDL location and an o-ring was inserted into it. Figure 1 shows the schematic of the test section and Table 1 lists the experimental conditions. Toray carbon papers (TGP 060) with a manufacturer-specified thickness of 190µm and 76% porosity was used as the GDL. Toray carbon papers were treated with PTFE based on the procedure presented in Ref. [33] . In this procedure the substrate was dipped in PTFE emulsion (60%wt. dispersion in H2O, ALDRICH) for 10 h in order to absorb PTFE 133-6 particles. The substrate was then dried at 120•C for 1 hour. In next step, the temperature of the furnace was increased to 360•C for 1 hour. The PTFE weight percent loaded on the GDL was controlled by the PTFE concentration in the emulsion. The superficial gas velocity in table 1 is calculated based on the bulk velocity of gas flowing within the channel cross sectional area. Similarly, superficial water velocity was calculated based on water volumetric flow rate passing through the gas channel: (10) (11) 3. Results and Discussion
Two-Phase Flow Pressure Drop
Liquid water droplet emergence and growth was recorded with a high speed camera and liquid-gas two-phase flow pressure drop was measured simultaneously. Figure 2 shows the droplet size and two-phase flow pressure drop for two superficial air velocities of 6.66m/s and 7.77m/s with 1163 and 1357 air Reynolds numbers, respectively. Comparison between different superficial air velocities in Figure 2 shows that for higher superficial air velocity droplets detach at smaller diameters and the two-phase flow pressure drop is greater. This is because the higher superficial air velocity causes more drag force on the emerging droplet. For 6.66m/s superficial gas velocity the single gas phase flows within the gas channel until t = 6.3s at which the first droplet emerges from the surface of the GDL. By emerging the first droplet, the single gas phase flow changes into two-phase flow within the flow channel and the pressure drop starts to increase. Droplet images at six different time intervals are shown in Figure 3 . The red lines on images show droplet emergence coordinate and the green lines show droplet detachment coordinate. The pressure drop increases until t = 7.2s where the first droplet detaches from the surface of the GDL. At t = 6.8s a change in pressure profile and droplet size data is observed which can be due to droplet's temporary displacement on the GDL surface. For superficial air velocity of 6.66 m/s the average two-phase flow pressure drop measured at droplet detachment is 22.20 Pa and the predicted two-phase pressure drop based on C value obtained from Eq. 9 is 20.6 Pa. For superficial air velocity of 7.77 m/s the average two-phase flow pressure drop measured at droplet detachment is 25.2 Pa and the predicted two-phase flow pressure drop based on same equation is 23.3 Pa. This indicates that Eq. 9 can predict the two-phase flow pressure drop within 10% of accuracy for these two cases. However, a wider range of experimental conditions should be tested for validity of this equation for PEM fuel cell application.
The experimentally measured two-phase flow pressure drop can be used to back calculate the C value in Eq. 4. Figure  4 shows the back calculated C values during droplet growth. Figure 4 also shows the C parameter calculated from Eq. 9. It can be observed that for both superficial air velocities, the back calculated C value at droplet detachment is significantly greater than the C value obtained from Equation 9. For superficial air velocity of 6.66m/s the average value of back calculated C parameter is 3.30 with an standard deviation of 1.33. However, for higher superficial air velocity, 7.77 m/s, most of the back calculated C values are greater than the C value obtained from Eq. 9. For this superficial air velocity, the 133-7 average C value is 6.05 with a standard deviation of 2.11. The C value obtained from Eq. 9 is 2.90 for the gas channel used in this study. 
Drag coefficient
The two-phase flow pressure drop data and droplet size during its growth can be utilized to find the drag force applied on the droplet. For an inertial control volume, the linear momentum equation is given as: (12) For single-gas flow passing through a gas channel at steady state, the first term on Eq. 12 is zero and therefore the friction force exerted by the channel wall can be obtained according to the second term on the left hand side: (13) As water droplet emerges from the GDL surface, drag force should be considered on the right hand side of the equation: (14) where A projected is the droplet's projected area normal to the gas flow direction. By subtracting Eq. 13 from Eq. 14, one can find the drag force, F D :
where V is the superficial air velocity and C D is the drag coefficient. The drag coefficients calculated for different superficial air velocities are shown in Figure 5 . It can be observed that drag coefficient decreases over time. This is because as droplet grows in size, the projected area in drag force equation, Eq. 16, becomes more dominant and drag coefficient decreases to compensate for relatively small drag force addition over time.
133-8 It should be added in order to find A projected , droplet's sessile contact angle on GDL sample was used. This contact angle had been previously measured and obtained by authors in Ref. [34, 35, 36] .
Conclusion
The interaction between liquid water droplet growth and two-phase flow pressure drop in an ex-situ PEM fuel cell test section was studied. The following conclusions can be drawn from this study:
1. Droplets detach at smaller diameter as the superficial air velocity in flow channel increases. This is because increasing gas flow rate increases the drag force applied on the droplet and can detach it at a smaller projected area.
2. As water droplet is introduced in the gas channel, the pressure drop increases. This increased pressure drop can be used as an in-situ diagnostic tool that reveals information about the amount of water within flow channel.
3. It was observed in this study that as droplet detaches from the GDL surface, the pressure drop along the gas channel decreases. This is because the detached droplet exits the length of the flow channel in which pressure measurement was conducted. In an actual fuel cell, however, the detached water droplets may remain within fuel cell assembly and still cause two-phase flow pressure drop.
4. It was observed that the C correlation proposed by English and Kandlikar can property predict the two-phase flow pressure drop for the experimental conditions used in this study.
5. The comparison between two-phase flow pressure drop and single-phase gas flow pressure drop was utilized to calculate the drag coefficient of the emerging droplets.
